2ϩ measurements, especially the use of confocal microscopy, revealed localized elementary Ca 2ϩ events, such as Ca 2ϩ sparks and quarks, in numerous types of cells, including nonexcitable cells (e.g., [1] [2] [3] [4] [5] [6] [7] [8] . Two-photon excitation is an optical technique recently applied in biology fields that can be used to photolyze caged compounds only at the focal point. Two-photon excitation photolysis (TPP) of caged Ca 2ϩ has been applied to induce global Ca 2ϩ movements in isolated cardiac myocytes and neurons under whole-cell patch clamp conditions [10, 11] . In these whole-cell patch clamp experiments, however, the precise control of the intracellular environment (e.g., cytoplasmic [Ca 2ϩ ]) appeared difficult because of limited intracellular perfusion through the patch pipette.
events are produced by activation of a single or a group of Ca 2ϩ release channel(s) of the intracellular Ca 2ϩ stores: ryanodine receptors and InsP 3 receptors. Under appropriate conditions, a local rise of intracellular [Ca 2ϩ ] sequentially activates adjacent Ca 2ϩ release channels (Ca 2ϩ -induced Ca 2ϩ release), resulting in Ca 2ϩ waves to propagate over the whole cell [9] . Two-photon excitation is an optical technique recently applied in biology fields that can be used to photolyze caged compounds only at the focal point. Two-photon excitation photolysis (TPP) of caged Ca 2ϩ has been applied to induce global Ca 2ϩ movements in isolated cardiac myocytes and neurons under whole-cell patch clamp conditions [10, 11] . In these whole-cell patch clamp experiments, however, the precise control of the intracellular environment (e.g., cytoplasmic [Ca 2ϩ ]) appeared difficult because of limited intracellular perfusion through the patch pipette.
In the present study, we applied TPP to produce a local rise of [Ca 2ϩ ] in skinned (or permeabilized) cardiac myocytes in which various substances were in rapid equilibrium between extracellular fluid and cytoplasm [12] . Changes in [Ca ] was achieved by two-photon excitation photolysis (TPP) of the caged Ca 2ϩ compound 1- 
Methods
Preparation of skinned cardiac myocytes. Male Wistar rats weighing 300-400 g were anesthetized with sodium pentobarbital (100 mg/kg body weight, intraperitoneal). The animals were treated in accordance with the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences published by the Physiological Society of Japan. The heart was quickly excised, and single ventricular myocytes were enzymatically isolated, as described previously [13] . After enzymatic digestion with 0.2 mg/ml collagenase (Collagenase S-1, Nitta Zerachin, Tokyo, Japan) and 0.04 mg/ml protease (type XIV, Sigma, St. Louis, MO, USA), cells were stored in a low Ca Two-photon excitation photolysis and simultaneous Ca 2؉ measurements. A Ti:sapphire laser (Tunami 3960, Spectra Physics, Mountain View, CA, USA) was pumped by a diode-pumped continuous-wave visible laser (Milennia V, Spectra Physics). The pulsed laser system was operated at 710-715 nm (half-maximal width 53 fs, repetition rate 82 MHz and 340 mW). This pulsed laser light and visible laser light from a confocal unit (TCS NP, Leica) were introduced through a dichroic mirror (reflecting wavelength Ͼ660 nm) to a 63ϫ water-immersion objective lens (NA 1.20, PL APO 63ϫ1.20 W CORR, Leica) and focused on the myocyte on the microscope stage. For TPP of DM-nitrophen [14] , the pulsed laser light was delivered for 64 ms via a mechanical shutter (F77-4, Copal, Tokyo; F77 controller, Surugaseike, Shizuoka). For [Ca 2ϩ ] measurements, the Ca 2ϩ indicator fluo-3 was excited at 488 nm through a fiber optics using a 60 mW argon laser attenuated by 82%, and its emission was detected at 500-600 nm. Confocal x-y images were normally collected at 210-ms intervals. Line-scan x-t images were obtained by repetitive scanning along a horizontal line every 1.1 ms. In preliminary experiments using a model solution, a two-photon excitation of fluo-3 appeared to be negligible at 710-715 nm and the power levels used for TPP. When fluorescent beads of 0.1 m diameter were excited by pulsed laser light (two-photon excitation in the same optical system), the width of the half-maximal intensity was 0.35 m in xy-plane and 0.95 m in z-direction. Data analyses were carried out by using NIH Image (ver. were, respectively, 5 nM and 2.5 M [14] . During preparation and storage of the solution, care was taken to minimize exposure of DM-nitrophen to room light. DM-nitrophen (tetrasodium salt) was purchased from Calbiochem (San Diego, CA, USA). fluo-3 (tetrapotassium salt) and NP-EGTA (tetrapotassium salt) from Molecular Probes (Eugene, OR, USA). EGTA (free acid), ryanodine, thapsigargin, and saponin from Sigma (St. Louis, MO, USA).
Results
We used a new combination of techniques: Twophoton excitation photolysis (TPP) of caged Ca 2ϩ , and [Ca 2ϩ ] was monitored with confocal imaging of fluo-3 fluorescence (Fig. 1) . Figure 1A ]. In E-G, the surface plots corresponding to B-D, respectively, are shown. In the quiescent state between the events of spontaneous Ca 2ϩ waves, the pulsed laser light of 710 nm delivered for 64 ms induced propagating Ca 2ϩ waves (Fig. 1, B and  C ). An application of ryanodine (10 M) completely suppressed the Ca 2ϩ wave, leaving a small rise of [Ca 2ϩ ] localized only at the site of photolysis (Fig.  1D) . Ca 2ϩ measurements of higher time resolution were carried out in the same myocyte with the line-scan mode (Fig. 2) ; laser scanning was repeated along a horizontal line shown in Fig. 2A ing toward both sides with the velocity of approximately 60 m/s (Fig. 2B) . A time course of local [Ca 2ϩ ] changes at the site of TPP shows that the increase in [Ca 2ϩ ] was sustained for 50-60 ms after cessation of the pulse (red line in Fig. 2D ). After an application of 10 M ryanodine, no Ca 2ϩ wave was seen (Fig. 2C) , and the local [Ca 2ϩ ] at the site of TPP quickly returned toward the basal level following ter- mination of the photolysis pulse (blue line in Fig. 2D ).
Essentially similar results were obtained in four other myocytes. In a separate experiment, we also examined the effect of 10 M thapsigargin, an inhibitor of the SR Ca 2ϩ pump. The TPP-induced Ca 2ϩ waves were also effectively inhibited by this agent. Overall, these results suggest that we were able to trigger propagating Ca 2ϩ waves by sequential Ca 2ϩ -induced Ca 2ϩ release from neighboring ryanodine receptors.
Although the experiments shown in Figs. 1 and 2 used a relatively low concentration of DM-nitrophen (0.2 mM), preliminary TPP experiments were performed in the presence of a higher concentration of DM-nitrophen. In several trials with 1 mM DM-nitrophen and the addition of various concentrations of CaMS 2 , TPP caused only a local rise of [Ca 2ϩ ] at the focal point with no propagating Ca 2ϩ waves. The reason of this absence of Ca 2ϩ waves was not further investigated in the present study.
Discussion
In saponin-skinned ventricular myocytes, propagating Ca 2ϩ waves are highly reproducible upon TPP of DM-nitrophen. Local photolysis of caged Ca 2ϩ appears to be a useful tool to study the interactions between adjacent ryanodine receptors (or groups of receptors) with no intervention of Ca 2ϩ influx from the extracellular space, i.e., L-and T-type Ca 2ϩ channels and the Na ϩ -Ca 2ϩ exchanger. The use of skinned cells has the advantage over intact cells that the intracellular environment is precisely controlled, and hydrophilic compounds can be easily applied to alter properties of Ca 2ϩ release.
In previous TPP studies in intact cells, 1 mM DMnitrophen was introduced into the cytoplasm through a patch pipette [10, 11] , and global Ca 2ϩ movements were successfully induced by TPP. In the present study, on the contrary, we were unable to observe Ca 2ϩ waves upon TPP of the same concentration (1 mM) of DM-nitrophen as used in the previous studies. This apparent discrepancy may be due to limited intracellular dialysis under a whole-cell patch clamp that could result in significantly lower concentrations of DM-nitrophen in the cytoplasm than in the patch pipette. In skinned myocytes, high concentrations of the caged Ca 2ϩ compound, DM-nitrophen might reduce Ca 2ϩ diffusion to adjacent Ca 2ϩ releasing sites because of its Ca 2ϩ buffering effect. Alternatively, the discrepancy may be attributed to the difference in "intracellular" ionic conditions used. ] (0.4-0.9 mM; e.g., [16, 17] ), it is obviously preferable to use an EGTAbased caged Ca 2ϩ compound. We therefore tested TPP of NP-EGTA [18] , but trials with high concentrations of NP-EGTA (1.0-2.2 mM) were not successful (unpublished observation). This could be explained by (i) the same reason for the case of high concentrations of DM-nitrophen, i.e., Ca 2ϩ buffering effect, and/or (ii) its low extinction coefficient causing insufficient Ca 2ϩ release from the caged compound upon TPP [19] release and uptake could be easily examined. Furthermore, it is suggested that "intracellular" ionic conditions, including the concentration of caged Ca 2ϩ compound itself, should be carefully optimized.
